ABSTRACT Previous research has shown that green peach aphids, Myzus persicae (Sulzer), preferentially settle on leaßets of potato plants (Solanum tuberosum L.) infected with potato leafroll virus (PLRV) compared with sham-inoculated controls, at least in part because of aphid responses to volatile cues from the plants. The prior work used plants 4 wk after inoculation. In this study, aphid emigration from the vicinity of leaßets of PLRV-infected plants at 2, 4, 6, 8, and 10 wk after inoculation was compared with emigration from leaßets of sham-inoculated control plants. For the bioassay, 30 aphids were placed directly above a test leaßet on screening to exclude gustatory and tactile cues and in darkness to exclude visual cues. The numbers emigrating were recorded every 10 min for 1 h. Volatile organic compounds (VOCs) were collected from the headspace of the test plants, quantiÞed, and compared among treatments. In bioasssays with leaßets of upper nodes of the plants, aphid immigration rates were signiÞcantly lower from leaßets of PLRV-infected plants than from sham-inoculated plants at 4 and 6 wk after inoculation, but not at 2, 8, and 10 wk after inoculation. In bioassays with leaßets from lower nodes, emigration did not differ between PLRV-infected plants and shaminoculated plants at any stage in the infection. Volatile compounds detectable in the headspace of intact plants at 2, 4, and 8 wk after inoculation (or sham inoculation) changed with plant age and with disease progression, potentially explaining behavioral responses of the aphids.
The green peach aphid, Myzus persicae (Sulzer), an important insect pest of potato, Solanum tuberosum L., is the most efÞcient vector of potato leafroll virus (PLRV) (Luteoviridae: Polerovirus), a phloem-restricted luteovirus transmitted in a persistent, circulative manner (Radcliffe 1982 , Loebenstein 2001 . The virus causes stunting, chlorosis and leaf curling to the vegetative parts of the potato plant and is especially problematic when translocated to the tubers where it can cause vascular degradation resulting in a brown, speckled appearance known as net necrosis, often making tubers unÞt for sale (Flint et al. 1986, Radcliffe and Ragsdale 2002) .
In several pathosystems, plant virus infections can alter the suitability of host plants for the aphid vectors of these viruses. Most reports Þnd that virus-infected plants are superior to virus-free plants in terms of vector growth rates, longevity, and reproduction (Kennedy 1951 , Baker 1960 , Araya and Foster 1987 , Fereres et al. 1989 , Quiroz et al. 1991 , Blua et al. 1994 , Jiménez-Martṍnez et al. 2004a , Srinivasan et al. 2008 , but the reverse can also occur (McIntyre et al. 1981 , Ellsbury et al. 1985 , Donaldson and Gratton 2007 . In addition, some aphid vectors preferentially respond to virus-infected plants compared with noninfected plants (Macias and Mink 1969 , Ajayi and Dewar 1983 , Eckel and Lampert 1996 , Castle et al. 1998 , Jimé nezMartṍnez et al. 2004b , Medina-Ortega et al. 2009 ), whereas others avoid infected plants that are inferior hosts (Blua and Perring 1992) .
The performance of M. persicae is enhanced on its host plants infected with PLRV compared with noninfected control plants (Janssen 1929 , Ponsen 1969 , Castle and Berger 1993 , Srinivasan et al. 2008 , and the aphid preferentially settles on the PLRV-infected hosts (Castle et al. 1998 , Eigenbrode et al. 2002 , Srinivasan et al. 2006 . Volatile organic compounds (VOCs) in the headspace of PLRV-infected plants are at least partially responsible for these aphid responses (Eigenbrode et al. 2002 , Srinivasan et al. 2006 , Alvarez et al. 2007 , Ngumbi et al. 2007 .
Vector preference for infected plants has implications for the rate of spread of viruses through a plant population, whether in agricultural or natural settings. Modeling exercises show that the effects of vector preference can be complex and dependent on the relative frequency of infected plants and on the abundance of vectors (McElhany et al. 1995 , Sisterson 2008 . These models are premised on Þxed relative preferences for infected plants by the vectors. The infection process, however, is dynamic, and plant physiology and associated plant chemistry change during disease progression (Zaitlin and Hull 1987, Hull 2002) . Blua and Perring (1992) found that alatae of Aphis gossypii Glover settled less readily on Cucurbita pepo L. 4 wk after infection with zucchini yellow mosaic virus (ZYMV) than on controls, but alatae did not discriminate between controls and plants that had been infected for only 2 wk. Changes in aphid behavior toward host plants with virus disease progression has implications for the spread of viruses.
This study examined the responses of M. persicae apterae to headspace VOCs from potato plants at intervals after inoculation with PLRV and determined the related changes in the composition of headspace VOCs from infected plants to which the aphids could be responding.
Materials and Methods
Aphids. Myzus persicae used in these experiments were clone OUR, which has been in continuous culture at the University of Idaho (UI) Parma Research and Extension Center for Ͼ30 yr. This clone is routinely maintained on Indian mustard, Brassica juncea L. cultivar Florida Broadleaf. In spring 2004, a nonviruliferous colony was established at the UI campus on B. juncea plants kept in an environmental chamber at 22 Ϯ 2ЊC, 40 Ð 60% RH, and L 16:D 8. Later-instar, prereproductive apterous aphids from this colony were used in all bioassays. A viruliferous colony was maintained on PLRV-infected Physalis floridana Rybd. in a separate environmental chamber under identical conditions, and aphids from this colony were used to inoculate treatment plants but were not tested in bioassays.
Treatment Plants. CertiÞed virus-free potato, cultivar Russet Burbank, seedlings were obtained as agargrown explants from the UI Potato Nuclear Seed Program. Seedlings were transplanted into 10-cm 2 pots Þlled with Sunshine Mix No. 1 (Sun Gro Horticulture Canada, Vancouver, Canada). Two weeks after transplantating, one set of plants was inoculated with PLRV by placing 10 aphids from the viruliferous colony in a clip cage on a single leaßet for a 4-d inoculation access period. Another set of plants was sham-inoculated in the same manner using aphids from the virus-free colony, and the plants were therefore not infected with virus. Separate groups of plants were transplanted and inoculated after this procedure every 2 wk for 10 wk. This staggered schedule produced plants 2, 4, 6, 8, and 10 wk after inoculation with PLRV or sham-inoculation, available for testing at the same time. Because of the inoculation regimen, the plants in these treatments were 4, 6, 8, 10, and 12 wk from transplanting, respectively.
Emigration Bioassay Procedure and Analysis. Bioassays were conducted following the method of Eigenbrode et al. (2002) , at room temperature (22 Ϯ 2ЊC). The bioassay arena was constructed using a 150-mmdiameter plastic petri dish with a polyethylene screen (mesh size Յ0.5 mm) attached to the bottom as described by Eigenbrode et al. (2002) . This device was placed Ϸ3 mm above the surface of a leaßet still attached to the treatment plant, allowing aphids to move freely on the screen, but preventing them from directly contacting the leaßet surface. The entire arena was covered by the bottom of the petri dish, which was covered in aluminum foil to create a darkened environment. Thus, the aphids were prevented from accessing tactile, gustatory, or visual cues from the plants. For an individual test, 30 M. persicae were placed on the screen directly over the leaßet. The number of aphids remaining directly above the leaßet was counted every 10 min for 60 min. At each 10-min interval, those aphids not directly over the leaßet were removed before continuing the bioassay. The bioassay was conducted in the greenhouse where the plants had been grown.
The bioassay compared aphid emigration from leaflets from PLRV-infected plants to emigration from sham-inoculated controls at each of the Þve infection stages. Each plant was tested twice using the terminal leaßets from leaves three to four nodes from the top of the plant (upper leaßets) and from leaves within four nodes of the bottom of the plant (lower leaßets). Because plants were tested at different ages, the upper and lower leaßets were only 2 nodes apart on young plants (2 wk after inoculation) and Ϸ10 nodes apart on the older plants (8 and 10 wk after inoculation). For each test plant, a bioassay with an upper leaßet was completed in 1 d, and the next day a bioassay with a lower leaßet from the same plant was completed. Because aphids were prevented from contacting the plants, we assumed no interference between these measurements. Ten replications were initiated for each comparison (PLRV versus sham inoculated, within each infection stage and within each leaf age), but one sham-inoculated plant at 8 wk after inoculation had to be dropped because of aphid contamination.
Emigration was modeled for each treatment using maximum likelihood estimation in SAS (SAS Institute 2004) 
in which x ϭ time after initiation of the experiment (in minutes), P ϭ proportion of aphids emigrating at time x, m ϭ maximum proportion emigrating by end of the experiment, ␤ ϭ rate of emigration (rate parameter), and e is the base of the natural logarithm. After estimation, a dummy variable regression was used to compare the estimated lines and, if these were nonoverlapping (P Ͻ 0.0002), contrasts were used to compare maximum emigration (m) and the emigration rate parameter (␤) between the two treatments (PLRVinfected and sham-inoculated) for upper and lower leaßets. Because the model uses each of seven observations (10-min intervals) for each replicate, the error term has 140 df (7 observations ϫ 2 treatments ϫ 10 replications).
Collection and Analysis of Plant Volatiles. Within 2 d of completing the emigration bioassay, and typically within a shorter interval, plant headspace vola-tiles were collected from test plants in the greenhouse, under the lighting and temperature conditions in which the bioassays had been conducted. The collections were made between 0800 and 1400 hours. Individual, intact plants were placed into a 10-liter glass collection chamber supplied with air preÞltered through activated carbon and Super-Q polymer (Alltech Associates, DeerÞeld, IL) adsorbent resin. A ßow rate of 300 ml/min was maintained for 2 h during which headspace volatiles were trapped onto 100 mg Super-Q. The collection system, which included chambers and ßow meters was obtained commercially (Analytical Research Systems, Gainesville, FL). Headspace was collected from 10 plants from each treatment ϫ time (2, 4, and 6 wk after inoculation) combination for a total of 60 collections. The apparatus was cleaned with hexane and air dried between collections.
After volatile collection, three leaßets were excised from each plant, and RNA was extracted and subjected to reverse transcriptase-polymerase chain reaction (RT-PCR) to conÞrm the PLRV infection status of all test plants. Two sets of primers were usedÑ PLRV_P6: forward, atgctacagtcgatggtacag, reverse, ctaatagatcggctttcgtagaaaag; PLRV_P7: forward, atgttagagaagagagaggaaaatgt, reverse, tcatttcctcccttggaatgg. The remainder of the plant was used to determine fresh weights of the samples.
Volatile Analysis and Statistics. One microliter of each sample obtained from Super-Q elution was injected into a HewlettÐPackard 6890 gas chromatograph coupled to a HewlettÐPackard 5973 Mass Selective Detector (Agilent Technologies, Palo Alto, CA). The column (HP-5; 30 m ϫ 0.25 mm ID) was held at 40ЊC for 2 min and then increased to 250ЊC at 10ЊC/min and held for 10 min using the method of Eigenbrode et al. (2002) . Peaks were identiÞed by comparison with spectra and retention times of authentic standards (23 compounds); others were identiÞed based on spectral matches with the National Institute of Standards and Technology (NIST) mass spectra library, presence of diagnostic ions, and published Kovats indices. Those compounds that could not be identiÞed were tentatively assigned to compound class; the major ions of the mass spectra have been provided in this report. Each peak was quantiÞed and standardized to nanograms per gram plant fresh weight per hour, based on response factors for compound classes, as determined from standard curves of authentic standards for each compound class.
The total amount of VOCs trapped from headspace (ng/g/h) was analyzed with analysis of variance (ANOVA) for the main effects of infection status (PLRV versus sham), weeks after inoculation, and their interaction. Data for individual compounds were not normally distributed, and the distribution could not be substantially improved with transformation because of the presence of zero values for some compounds from individual plants. Therefore, a nonparametric method (WilcoxonÕs test) was used to determine the signiÞcance of the effect of infection status (PLRV versus sham-inoculated) on each individual compound for each infection stage. In addition, compounds were pooled into Þve classes, and the total collected within each class was tested for the effect of infection stage (weeks after inoculation), infection status, and their interactions using ANOVA (SAS Institute 2004). Data were log transformed for this procedure to correct skewness. The number of compounds with a larger amount trapped from headspace of PLRV-infected plants compared with sham-inoculated plants was compared with an expected null hypothesis in which an equal number of compounds would be in greater amounts in each treatment using a Mann-Whitney U test (analysis performed using Prism; GraphPad Software).
Results
In bioassays with upper leaßets, the Þtted model for emigration differed between PLRV-infected and sham-inoculated plants at 2, 4, and 6 wk after inoculation (F 2,140 Ͼ 9.06, P Յ 0.0002), but not at 8 and 10 wk after inoculation (F 2,140 Ͻ 3.66, P Ն 0.550). Based on contrasts, the parameter maximum aphid emigration (m) was signiÞcantly higher from leaßets from PLRV-infected potato plants 2 wk after inoculation compared with sham-inoculated plants, signiÞcantly lower from PLRV-infected plants 4 wk after inoculation compared with sham-inoculated plants and did not differ between PLRV-infected and sham-inoculated plants at 6, 8, and 10 wk after inoculation (Table  1) . Emigration rate (␤) was signiÞcantly lower from leaßets from PLRV-infected plants at 4 (contrast F 1,140 ϭ 4.19, P ϭ 0.0424) and 6 (contrast, F 1,135 ϭ 5.36, P ϭ 0.0234) wk after inoculation relative to emigration from leaßets of sham-inoculated plants, but rates were similar between PLRV-infected and sham-inoculated plants at 2 (contrast F 1,140 ϭ 0.03, P ϭ 0.8271), 8 (F 1,133 ϭ 0.02, P ϭ 0.8896), and 10 (F 1,140 ϭ 0.62, P ϭ 0.4340) wk after inoculation (Fig. 1) . In bioassays with lower leaßets, the Þtted model for emigration did not differ for any date after inoculation (F 2,140 Յ 1.28, P Ն 0.2824). There were no signiÞcant differences in M. persicae maximum emigration (m; Table 1) or emigration rates (␤; Fig. 1 ) between leaßets of PLRV-infected and sham-inoculated potatoes.
The total amount of VOCs in headspace (ng/g plant fresh weight/h) increased as plants aged after inoculation (Fig. 2) . The effects of treatment (infection status) and infection stage (weeks after inoculation), but not their interaction, on total amount of headspace VOC were signiÞcant, based on ANOVA (model: F 5,52 ϭ 4.42, P ϭ 0.002; treatment F 1,52 ϭ 5.17, P ϭ 0.0296; weeks: F 2,52 ϭ 6.71, P ϭ 0.0022; treatment ϫ weeks: F 2,52 ϭ 1.64, P ϭ 0.2040).
Forty-three volatile compounds were detected and quantiÞed in the headspace of the potato plants used in bioassays 2, 4, and 8 wk after infection with PLRV and in the corresponding sham-inoculated control plants (Table 2) . Thirty-nine of these compounds were identiÞed based on their mass spectra and retention times, and three sesquiterpenes and one hydroxysesquiterpene were identiÞed to compound class only, based on their molecular ions (204 and 220, respectively) and fragmentation patterns.
Few individual compounds were signiÞcantly different between treatments (PLRV-infected versus sham-inoculated plants; P for Wilcoxon test, twosided, P Ͼ 0.05), the exceptions being 3-carene on week 2 (P ϭ 0.04; standardized Wilcoxon Z ϭ Ϫ2.03), and (Z)-3-hexenol (P ϭ 0.03; standardized Wilcoxon Z ϭ Ϫ2.15), and 1-methyl butanol acetate on week 4 (P ϭ 0.04; standardized Wilcoxon Z ϭ Ϫ2.03; Table 2 ). All three compounds were detected in greater amounts in PLRV-infected plants compared with sham-inoculated ones. If the criterion for signiÞcance is increased to P Յ 0.10, four more differences are found to be signiÞcant: germacrene D on week 2; an unidentiÞed cyclohexane on week 4; and copaene, (Z)-␤-farnesene, and an unidentiÞed hydroxysesquiterpene on week 8 (Table 2 ). Nonetheless, there was an overall trend to greater amounts of each compound detected from PLRV-infected plants versus sham-inoculated plants. Considering differences in means, whether or not the difference is statistically signiÞcant for each compound, the number of compounds with a greater amount in headspace of PLRV-infected plants than in sham-inoculated plants was 23, 40, and 36, at 2, 4, and 8 wk after inoculation, respectively. For weeks 4 and 8, but not week 2, this pattern departs signiÞcantly from the null hypothesis that compound amounts are equally likely to be relatively greater in PLRV-infected or sham-inoculated plants (MannWhitney U test statistics: 860, 129, and 301 and P ϭ 0.5739, Ͻ0.0001, and Ͻ0.0001, for weeks 2, 4, and 8, respectively). Considering only those compounds for which SEs about the means are not overlapping, the numbers found with greater amounts from PLRV- 2, 3, 5, 10, 12, 13, 15, 19, 20, 21, 25, 27, 29, and 35 was veriÞed by comparison with spectra and retention times of commercial standards; other peaks were identiÞed based on matches with mass spectra from the NIST database, presence of diagnostic ions, and published Kovats indices. Predominant ions for peaks with partial or uncertain identiÞcation: peak 28 (81, 105, 133, 181, 189, 204); peak 30 (41, 55, 81, 93, 105, 119, 161, 204); peak 31 (41, 55, 69, 79, 105, 119, 204); peak 32 (41, 57, 61, 69, 93, 105, 120, 133, 169, 204); peak 33 (41, 55, 67, 80, 93, 107, 121, 136, 161, 204); peak 42 (41, 53, 69, 81, 95, 136, 162, 175, 189, 203, 218); peak 43 (131, 159, 187, 202, 220 infected plants are 1, 15, and 19 , whereas the number of compounds with signiÞcantly greater amounts in sham-inoculated plants are 1, 0, and 1 for weeks 2, 4, and 8, respectively. The pattern departs signiÞcantly from the above null hypothesis for weeks 4 and 8 (Mann-Whitney U test statistics: 968.0, 660, and 572 and P ϭ 0.9964, 0.0074, and 0.0006 for weeks 2, 4, and 8, respectively).
When compounds were pooled into eight classes (Table 2 ) and totals for each were subjected to ANOVA, only the effect of week for sesquiterpenes was signiÞcant (P Ͻ 0.0009), and all other effects were not (P Ͼ 0.05, statistics not shown).
Discussion
This study extends prior work examining the responses of M. persicae to potato plants infected with PLRV. Eigenbrode et al. (2002) showed that preferential settling by apterous M. persicae on leaßets of PLRV-infected plants versus controls in a dual choice test (as previously reported by Castle et al. 1998 ) occurred even if aphids were prevented from contacting leaßets and tested in darkness, thereby implicating volatiles from the infected plants as cues for the aphids. Using a bioassay identical to that used in this study, Eigenbrode et al. (2002) showed that the emigration rate of aphids from a screen above leaßets from PLRV-infected plants was lower than from a screen above leaßets from sham-inoculated plants.
Both Castle et al. (1998) and Eigenbrode et al. (2002) tested PLRV-infected plants similar in age and stage of infection (4 wk from inoculation or cutting from infected plants) and used leaßets from upper nodes of the plant. A recent report that alate M. persicae preferentially settle on PLRV-infected versus sham-inoculated potato plants (Srinivasan et al. 2006 ) also used plants 4 wk after inoculation. Under Þeld conditions, however, plants at various stages of infection will be present simultaneously (Blua and Perring 1992) , and this could inßuence aphid responses. Indeed, A. gossypii preferentially settle on virus-free versus ZYMV-infected C. pepo plants at 4 wk but not at 2 wk after inoculation (Blua and Perring 1992) . Moreover, responses of aphids to plants of different ages and infection status may differ because of changes in host quality with leaf phenology and heterogeneous distribution of viruses and associated disease reaction within the plant. Our study therefore used potato plants at intervals after inoculation (biweekly from 2 to 10 wk) and used leaßets from lower and upper nodes to improve relevance to Þeld conditions.
Upper leaßets (third to fourth node from apical node) of PLRV-infected potatoes were more arrestant for M. persicae apterae than similar leaßets from shaminoculated controls at 4 and 6 wk after inoculation, based on estimates of maximum emigration (out of 30) and the emigration rate parameter. Infected upper leaßets from plants 2, 8, and 10 wk after PLRV inoculation, however, were not consistently arrestant for the aphids. At 2 wk after inoculation, maximum emigration was greater from PLRV-infected than shaminoculated plants and there was no difference in estimated emigration rate. At 8 and 10 wk after inoculation, upper leaves from infected plants were not more arrestant than controls based on maximum estimated emigration and rates of emigration. Thus, the effects of PLRV infection of potato on the behavior of M. persicae are dynamic, only causing arrestment at intermediate stages of infection (4 and 6 wk after inoculation) but not at either earlier or later stages. Furthermore, older, lower PLRV infected leaßets were not more arrestant than sham-inoculated counterparts at any stage.
Changing responses of aphids to host plants throughout disease progression has implications for plant virus epidemiology. Simulation models indicate that preferential settling on infected hosts by vectors of persistent viruses (such as PLRV) accelerates virus spread when the frequency of infected plants in the population is low and retards spread when that frequency is high (McElhany et al. 1995 , Sisterson 2008 . These models use a Þxed relative preference by the vector for infected plants, regardless of the stage of the infection. Our results and those of Blua and Perring (1992) suggest that models with a dynamic vector preference need to be developed. Greater vector preference for infected plants early in infection could accelerate virus spread early in an epidemic. As the epidemic progresses, further spread would remain constant despite the decrease in vector preference because of the greater prevalence of infected plants. In addition, vector preference for plants at intermediate stages of infection rather than early stages could favor colonization of plants that had attained virus titers sufÞcient for acquisition by vectors. Models constructed with variable preference for infected plants could show such effects and others depending on the combined effects of other factors inßuencing virus spread, including the rate of change in preference, and the size and mobility of the vector population (Jeger et al. 2004 , Sisterson 2008 .
In our study, younger, upper leaves, but not older, lower leaves elicited dynamic responses from aphids as virus disease progressed. The lack of effect in lower leaves may be because these leaves have begun to senesce, leading to increased availability of nutrients in the phloem (Dixon 1998) , regardless of infection status. Moreover, M. persicae tends to prefer lower, older leaves of many of its host plants (Jansson and Smilowitz 1985 , Hopkins et al. 1998 , Awmack and Leather 2002 , including potato. An inherent preference for older leaves, and hence for the VOCs from these leaves, by M. persicae may override the effects of virus infectionÐinduced changes. In a study using similar methods to ours, Alvarez et al. (2007) found that VOC from seventh-node leaßets of PLRV-infected potato plants were more attractive for M. persicae than similar leaßets from controls, but VOCs from leaßets from the third node in their study were not attractive compared with leaßets from the same node from sham-inoculated plants. Thus, although the speciÞcs differ, these authors also found that the effect of VOC from PLRV-infected plants on M. persicae behavior depended on position within the plant. Alvarez et al. (2007) used a choice test rather than an emigration bioassay (but used a similar test arena to ours), tested plants 27 d after inoculation, and used a different potato variety (cultivar Kardal) than in our experiment (Russet Burbank). We inoculated a speciÞc leaflet using a clip cage, whereas Alvarez et al. (2007) allowed viruliferous aphids to feed freely over the entire plant to achieve inoculation. These differences in methods evidently inßuence patterns of VOC release.
The implications of this within-plant pattern for virus Þeld spread are complex. Aphids acquire PLRV more readily on top leaves from young infected plants than from older plants (van den Heuvel et al. 1993) . The availability of virus particles to aphids declines with increasing age of the infected plant and increasing symptom severity (MacKinnon 1963, van den Heuvel and Peters 1990) . Therefore, aphid preference for younger leaves of virus infected plants earlier in the infection process may be important for virus acquisition and spread.
Our bioassay design mimics an important dynamic that will occur under Þeld conditions: inoculation of the crop at a relatively early growth stage by colonizing M. persicae, followed by crop maturation, with disease progression in the infected plants. Typically, however, there will also be secondary infection or new immigration to the Þeld by viruliferous aphids, such that plants at each stage of crop development will have been infected for different durations. Understanding more completely the implications of shifting vector preference for disease spread will require tests of aphid responses and VOC from plants at each of several growth stages, but differing in time since inoculation. Such additional tests are merited but were beyond the resources available for this study.
The predominant compounds and the amounts detected in this study are similar to previous reports (Bolter et al. 1997 , Eigenbrode et al. 2002 , although we did not detect heptanal, which was reported in Eigenbrode et al. (2002) . Additional compounds are included here based on improved instrumentation. The greater amounts of volatiles in headspace of PLRV-infected plants 4 wk after inoculation is similar to the prior report for 4-wk-old cuttings of PLRVinfected plants (Eigenbrode et al. 2002) . VOC release appeared to increase more strongly in PLRV infected plants than in sham-inoclated plants as disease progressed. Although mean concentrations of individual compounds tended to be greater in headspace of PLRV-infected plants, especially 4 and 8 wk after inoculation, there were few signiÞcant differences. Among-plant variability obscured signiÞcance for most individual compounds, despite a relatively large n of 9 Ð10 plants per treatment combination. There were also no signiÞcant effects of infection treatment on the total amount within any compound class for any infection stage. Nonetheless, the number of compounds with a larger mean concentration trapped from PLRV versus sham-inoculated headspace was signiÞcantly greater than expected by chance at 4 and 8 wk after inoculation but not at 2 wk after inoculation.
Myzus persicae apterae are arrested more strongly by the blend of volatiles trapped from headspace of PLRV-infected potato plants generated from infected seedlings and applied to paper models than by the blend from sham-inoculated controls (Eigenbrode et al. 2002) . This behavioral activity of M. persicae depends on the blend rather than individual compounds (Ngumbi et al. 2007; unpublished data) . Although the required proportions for activity have not been examined speciÞcally, work with synthetic blends shows that the presence of each of the major components elevated by PLRV infection is necessary to elicit stronger arrestment (Ngumbi et al. 2007; unpublished data) . The greater arrestment observed in response to PLRV-infected leaßets at 4 wk after infection may reßect a response to the speciÞc blend present at that stage of infection, which is uniquely characterized by a larger proportion of monoterpenes than occurs in headspace of plants 2 and 8 wk after inoculation (Table 2 ; Fig. 3 ). This possibility requires further study. Although the number of compounds detected in potato headspace is similar to previous reports, compounds below detectability or those not trapped with our method (e.g., ethylene) could affect aphid behavior.
The total plant headspace includes VOCs released by leaves from upper nodes, which at 4 and 6 wk differed in arrestment activity for M. persicae, and by leaves from lower nodes, which did not. To examine the underlying mechanisms, VOCs must be collected from individual leaßets or plant parts during disease progression.
In addition to changes in the plant during disease progression, it is possible that aphids, having acquired the virus, change their behavior in response to infected or virus-free plants. There is some evidence for this in another system (barley yellow dwarf virusÐ wheat bird cherry oat aphid) (Medina-Ortega et al. 2009 ) and the possibility should be examined in PLRV systems.
In summary, we showed that the previously reported greater arrestment of M. persicae near leaßets of potato infected by PLRV than leaßets from shaminoculated plants is a dynamic effect, detectable at 4 and 6 wk after inoculation, but not at 2, 8, or 10 wk after inoculation. Differential responses of aphid vectors depending on the infection status of the host plant are predicted to affect the spread of vector-dependent viruses (McElhany et al. 1995 , Sisterson 2008 . Transient responses will have additional, more complex implications for virus spread that merit theoretical and empirical study. Several questions are raised by this study. How is the effect of virus infection on aphid behavior distributed throughout the plant and how does within-plant variation in VOC release affect this behavior? Volatile organic compound release from individual leaßets within infected and healthy potato plants evidently varies and must be measured to acquire a more complete understanding of the mechanisms underlying M. persicae behavioral responses to PLRV infection. How does dynamic arrestment of M. persicae apterae by leaßets of infected plants inßuence movements of aphids among and within plants in the Þeld? Our experiment used plants in which plant age and days from inoculation covaried. A complementary design would hold plant age constant and vary only inoculation time. Both are needed to represent the range of possible conditions present in a commercial potato Þeld.
